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Abstract
A simple strategy has been proposed to quantify Zn2+ ions using CeO2 nanoparticle-modified glassy carbon electrode. The CeO2
nanoparticles were prepared by sucrose-nitrate decomposition method, and it was characterized by X-ray diffraction (XRD), FT-
IR, TEM, and surface area analyzer. The synthesized CeO2 nanoparticles were used as modifier molecules as a thin film on glassy
carbon electrode (GCE) in the trace level quantification of Zn2+ by using cyclic voltammetry (CV) and differential pulse anodic
stripping voltammetry (DPASV) techniques. The fabricated sensor exhibited a good analytical response towards Zn2+ ions. The
modified electrode showed a wide linearity in the concentration range 20–380 μg L−1 with a limit of detection 0.36 μg L−1. The
proposed electrochemical sensor was successfully applied to trace level Zn2+ quantification from real sample matrices.
Keywords CeO2 nanoparticles . Zn
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Introduction
In recent years, toxic heavy metal ion contamination in soil,
water, and air has been increased, and it leads to detrimental
risk to human and animal health. Large quantities of metal
ions have been extensively used in different industrial pro-
cesses, and their effluent discharge into ecosystem is causing
very serious damage [1–3]. The increased production and use
of zinc in electroplating, paint, fungicide, rubber processing,
ceramics, battery, photo catalysts, sunscreens, and many more
products has led to the zinc contamination in the biosphere
[4–6]. The used zinc is continuously discharged into the eco-
system in the form of Zn2+ ions and which can accumulate in
various ecosystems and gets incorporated into the food chain,
thereby causing several disorders as it is non-degradable in
nature [7]. The excess intake of Zn2+ ions can lead to
hypocupremia and neurological disorders [8]. It is an essential
nutritive element, which plays an important role in human,
plant, and animal metabolism. It helps in the normal function-
ing of immune system, antioxidant systems, hormones, and
enzymes [9]. Zinc supplementation improves the anticancer
activity in diabetic patients and its deficiency result in loss of
appetite and growth retardation [10].
The Bureau of Indian Standards (BIS) and United States
Environmental Protection Agency (USEPA) have pre-
scribed the maximum threshold limit value of Zn2+ ion con-
centration in drinking water as 5.0 mg L−1 [11, 12].
Therefore, the quantification of Zn2+ even at trace level is
mandatory. The conventional methods for the determination
of zinc include atomic absorption spectrometry and induc-
tively coupled plasma-mass spectrometry (ICP-MS) which
have been used regularly to quantify the ionic zinc content
from real samplematrices [13–16]. However, these methods
possess potential drawbacks which include long analysis
time, expensive, require skilled personnel to operate the
instrument, and more importantly not suitable for on-site
analysis in the field study [17].
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In this direction, stripping voltammetry has gained consid-
erable interest owing to its quick analysis and economically
feasible with high sensitivity and wide linearity [18, 19].
Mercury-based electrodes like hanging drop mercury elec-
trode (DME) and mercury film electrode for the zinc determi-
nation by voltammetry have been reported in literature
[20–23], but handling and disposal of toxic mercury are very
challenging [24, 25].
Many studies have been reported for the quantification of
ionic zinc using nontoxic electrode materials through strip-
ping voltammetry technique, which includes graphite felt
electrodes [26], bismuth electrodes [9, 27], disposable
copper-based sensor [17], MnO2 nanocrystals [28], and
polyeriochrome black Tmodified electrode [29]. Carbon elec-
trodes such as carbon paste and glassy carbon electrodes have
been used for the measurement of various ions within electro-
analysis because of its low cost, wide potential window, high
sensitivity, and feasible electron transfer rates [30].
In recent years, highly electroactive and stable electrode
materials have been used in anodic stripping voltammetry as
it determines the performance and longtime applicability. In
recent years, metal oxides have been reported as electrocata-
lytic materials in the quantification of Zn2+ ions [28, 31].
CeO2 has gained considerable interest recently due to its non-
toxic in nature, greater mechanical, thermal, electrical, and
chemical inertness properties. It is reported that the electronic
conductivity of CeO2 can be enhanced four times higher when
its structure is changed from micro to nano size.
Nanostructured CeO2 and its composites have been extensive-
ly used in the electrochemical application study as a sensor in
NOx quantification and as electrode material in vanadium
redox flow batteries [32, 33].
In the present report, we have proposed a simple strategy
where the size of the CeO2 can be controlled less than 10–
12 nm through simple sucrose-nitrate decomposition and
thereby its analytical performance towards zinc quantification
study. The prepared CeO2 nanoparticles have been used to
modify the glassy carbon electrode surface with a thin film,
and it was successfully applied in the determination of Zn2+
ions from real sample matrices.
Experimental
Reagents
Cerium nitrate Ce(NO3)3·6H2O (99%), zinc acetate
Zn(CH3COO)2·H2O (98%), sodium acetate CH3COONa·
3H2O (99%), sucrose C12H22O11 (99%), acetic acid
CH3COOH (99%), di-sodium hydrogen phosphate dihydrate
Na2HPO4·2H2O (99.5%), potassium chloride KCl (99.5%),
potassium ferricyanide K3[Fe(CN)6] (99.5%), and potassium
ferrocyanide K4[Fe(CN)6]·3H2O (99%) were purchased from
Merck (INDIA). All working standards and stock solutions
were prepared by using double distilled water. Then, 0.1 M
acetic acid-acetate buffer solutions of variable pH from 3 to 6
and 0.1 M phosphate buffer solutions of pH 7–9 were
prepared.
Instrumentation
The powder diffraction pattern measurement of the CeO2
nanoparticles was performed using PANalyticalX’pert PRO
X-ray diffractometer with graphite monochromatized CuKα
radiation source (λ = 1.541 Å). The FTIR spectrum of the
sample was recorded at room temperature using Bruker model
Alpha-P IR spectrometer. The surface area of the cerium oxide
nanoparticles was measured using nitrogen adsorption–de-
sorption study at 77 K using Quantachrome Corporation
NOVA 1000 BETsurface analyzer. Transmission electron mi-
croscopy (TEM) bright field images of the powder specimens
were taken using a 300 KeV field emission FEI Tecnai F-30
transmission electron microscope (TEM). The electrochemi-
cal measurements were carried out using a potentiostat (CH
Instruments, Texas, USA model: 660E) with a conventional
three-electrode electrochemical cell. CeO2-coated glassy car-
bon electrode (dia = 3 mm), Ag/AgCl, and platinumwire were
used as working, reference, and counter electrodes, respec-
tively. All pHmeasurements were carried out using laboratory
pHmeter (Control Dynamics, Mumbai, India model: 175X) at
room temperature.
Synthesis of CeO2 nanoparticles
An aqueous redox mixture containing stoichiometric quanti-
ties of cerium nitrate and sucrose (2:1 ratio) was taken in a
100-mL beaker. Then the beaker has been placed into a
preheated muffle furnace maintained at 450 ± 10 °C.
Initially, the solution boils and water evaporates followed by
frothing and burns with smoldering type combustion. During
this process, the smoldering type combustion was arrested
after 3 min by removing the beaker from the furnace to avoid
the agglomeration of CeO2 nanoparticles. The froth-like volu-
minous powder was homogenized by ball milling and stored
in an air tight container.
24Ce NO3ð Þ3 þ 7C12H22O11→24CeO2 þ 36N2 þ 84 CO2 þ 77H2O
Electrode fabrication
The glassy carbon electrode was mechanically polished using
1, 0.3, and 0.05 μm size of alumina to get a mirror finish and
subsequently washed with distilled water, ethanol and dried at
room temperature. The fabrication of working electrode using
inorganic modifiers has been carried out similar to the
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methodology reported by Domenech et al. [34–36]. In a typ-
ical modification, 5 mg of as-prepared CeO2 nanoparticles
was dispersed in 5 mL of double-distilled water in volumetric
flask and sonicated for 30 min to get a uniform suspension.
Then, 10 μL of CeO2 aqueous suspension was added on
glassy carbon electrode surface and allowed to dry at room
temperature for a period of 24 h. A thin film of nano cerium
oxide layer formed on the glassy carbon electrode surface has
been used as working electrode in the present study.
Analytical procedure
The electrochemical behavior of the modified electrode in
presence of Zn2+ ions was carried out using cyclic voltamm-
etry and stripping techniques. Known amounts of target ana-
lyte were added into an electrochemical cell of 10-mL volume
containing 3 mL of buffer solution and 2-mL 0.1 M KCl.
Then, nitrogen gas was purged for 10 min and deaerated prior
to all electrochemical measurements. The analytes were
preconcentrated for a period of 300 s in an open circuit with
10 s quite time, and deposition potential was applied to the
modified interface at − 1.6 V to re-oxidize the target analyte
species. Then, Zn2+ ions were stripped from the electrode
surface by sweeping the potential in opposite direction in the
scan range of − 1.3 to − 0.8 V with a pulse width of 0.05 s and
amplitude of 50 mV s−1.
Results and discussion
Characterization of CeO2 nanoparticles
The CeO2 nanoparticles were characterized by various tech-
niques like XRD, FTIR, SEM, and BETsurface area analyzers
in order to measure the size, purity, surface morphology of the
particles, as well as specific surface area.
XRD study
The crystal structure and phase purity of the synthesized CeO2
nanoparticles were studied by the powder XRD pattern. The
powder diffraction pattern of the CeO2 nanoparticles have
exhibited cubic structure [JCPDS 34-0394], where the diffrac-
tion peaks of the CeO2 nanoparticles were identical to the
(111), (200), (220), (311), and (222) planes of pure cubic
CeO2. The crystallite size of the CeO2 nanoparticles was cal-
culated from the PXRD diffraction pattern based on Scherrer
formula, and it has been found to be 10–12 nm (Fig. 1a).
FTIR study
The formation of CeO2 was further confirmed by FTIR spec-
trum, where a sharp and intense band corresponding to the
Ce–O stretching was observed at 540 cm−1. Additional two
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peaks appeared at 1387 and 1580 cm−1, which are correspond-
ing to the A1g of disordered carbon and E2g of graphitic carbon
vibration modes, respectively. The presence of traces of car-
bon content in the CeO2 might be due to the incomplete com-
bustion of fuel in the synthesis route. The bands at 3420 and
1634 cm−1 are, respectively, assigned to O–H stretching and
H2O bending frequencies of physisorbed water molecules
(Fig. 1b).
BET surface area
The nitrogen adsorption–desorption isotherm was measured
to determine the specific surface area and pore size of the
CeO2 nanoparticles. The CeO2 nanoparticles exhibited hyster-
esis loops corresponding to a type IV isotherm, demonstrating
the presence of mesopores in the prepared sample (Fig. 1c).
The pore size distribution curve (Fig. 1d) shows a sharp and
narrow peak centered at 36 Å, which is in the mesoporous
region. The specific surface area of CeO2 nanoparticles was
measured and found to be 18.37 m2 g−1.
Surface morphology of CeO2 nanoparticles
The morphology of the synthesized CeO2 nanoparticles was
studied using TEM. The TEM image of the CeO2 nanoparti-
cles reveals that the particles are well dispersed and free from
any aggregation (Fig. 2a). Further, the size of the CeO2 nano-
particles was found to be about 10–12 nm, which is in good
agreement with the PXRD study also. The HRTEM image
reveals that the d-spacing of 0.32 nm was in agreement with
the (111) plane of the face-centered CeO2 structure (Fig. 2b).
All these observations reveal that the synthesized CeO2 parti-
cles were nano-sized and suitable for electrochemical sensing
application study (Fig. 3).
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Fig. 4 Overlaid stripping voltammograms of glassy carbon electrode in
absence (a, c) and in presence (b, d) of 200 μg L−1 Zn2+ ions,
respectively, in 0.1 M acetate buffer (pH 6) + 0.1 M KCl as supporting
electrolyte
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Fig. 3 Overlaid cyclic voltammograms of a modified electrode in
absence, b bare in presence, and c modified in presence of 100 mg L−1
of Zn2+, electrolyte: 0.1 M acetate buffer (pH 6) + 0.1 M KCl, scan rate:
100 mV S−1
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Cyclic voltammetric behavior of CeO2-modified
electrode in presence of Zn2+ ions
Initially, modified electrodes over the unmodified ones have
been characterized using the standard redox probe such as
ferro/ferricyanide solution to check the redox activity of the
proposed electrode as shown in the ESI Fig. 1. Further, in
order to understand the electron transfer ability of the elec-
trodes, electrochemical impedance measurements were car-
ried out and are represented in ESI Fig. 2. Furthermore, the
electrochemical behavior of CeO2-modified electrode in pres-
ence of Zn2+ ions was studied by CVover the potential range
− 1.4 to − 0.5 V with a pulse amplitude of 0.05 V, pulse width
of 0.05 s, and quite time 20 s. The modified electrode in
absence of metal ions did not show any anodic peak current,
which in turn indicates that the CeO2 did not undergo any
redox process in the potential window studied. Hence, the
CeO2-modified electrode could be used in the measurement
of Zn2+ ions in aqueous medium within the same potential
domain. The bare and modified electrode has shown anodic
peak current for the Zn2+ ions at the peak potential of − 1.0 V
with a peak current of 50 μA for bare glassy carbon electrode.
The modified electrode in the same potential window has
shown enhanced anodic peak current in presence of Zn2+ ions
with greatly improved peak current of 110 μA over the bare
electrode. These results demonstrate that the CeO2
nanoparticle-modified electrode showed higher peak current
response. The enhanced peak response could be attributed due
to the reduced crystallite sizes (enhances the electron transfer
kinetics) of CeO2 nanoparticles with mesoporous structure
(increases the adsorption rate), which promotes more Zn2+
ion accumulation at the electrode surface and thereby en-
hances the electrocatalytic activity towards zinc oxidation
[37]. Further, the oxidative peak currents are more pro-
nounced than the reductive peak currents. Hence, the oxida-
tive peak current is systematically studied by differential pulse
anodic stripping voltammetry (DPASV) which is more sensi-
tive than cyclic voltammetry [38].
Stripping voltammetry of CeO2-modified electrode
in presence of metal ions
The differential pulse stripping voltammograms of CeO2-
modified electrode have been recorded over the potential
range from − 1.3 to − 0.8 V in presence of 200 μg L−1 Zn2+
ions with 0.1 M acetate buffer (pH 6) as an electrolyte. The
anodic peak current for CeO2-modified electrode has shown
good analytical response over the bare electrode in presence
and absence of Zn2+ ions, respectively (Fig. 4).
Optimization study
All the reaction variables like medium pH, accumulation time,
and deposition potential have been optimized in order to en-
hance the analytical signal intensity for measurement.
Effect of pH
The effect of pH on the anodic peak current at the modified
interface has been studied over the pH range 3–9 in presence
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Table 1 Interference study
Interferent Na+ K+ Mg2+ NH4
+ Pb2+ Cd2+ Hg2+ Cr6+ Cu2+ NO3
− SO4
2− CO3
2− ClO4
−
Tolerance limit (μg L−1) 0.4 0.6 1.0 10 2.0 2.5 1.0 60 6.0 15 150 20 20
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of 1 mg L−1 Zn2+. The peak current gradually increases with
increasing pH, i.e., from 3 to 6. At lower pH 3–5, small peak
current is due to the competition between H+ and Zn2+ ion
accumulation onto the modified surface sites [39, 40].
However, the anodic peak current decreases after pH 6. The
sudden decrease in the peak current beyond 6 is due to the
metal hydroxide formation [41–43]. Hence, an optimum me-
dium pH of 6 was chosen by using a buffer containing sodium
acetate and acetic acid in all further studies.
Effect of preconcentration time
The optimum time required for the pre-concentration of
metal ions at the electrode interface has been studied be-
tween 1 and 7 min in presence of 1 mg L−1 Zn2+. The
peak current gradually increases from 1 to 4 min and
reaches maximum at 5 min, and thereafter, the peak cur-
rent decreased up to 7 min. The increase in the peak
current with time is due to the accumulation of metal ions
onto the electrode interface [44]. Then, the decrease in the
peak current might be due to the surface saturation on the
electrode [45, 46]. Hence, a pre-concentration time of
5 min has been optimized and used in all further studies.
Effect of reduction potential:
The effect of reduction potential has been studied over the
range − 1.1 to −1.8 V using acetate buffer as electrolyte in
presence of 1 mg L−1 Zn2+ with 5-min accumulation time.
The anodic peak current gradually increases from − 1.1 to −
1.2 V and thereafter sudden increase up to − 1.6 V, which
might be due to the reduction of metal ions at the electrode
interface. Beyond − 1.6 to − 1.8 V, the peak current gradually
decreases which might be due to the attainment of equilibrium
between electrode interface and electrolytic solution. Hence,
an optimum potential of − 1.6 V has been used to reduce the
accumulated metal ions on the electrode surface in all further
studies.
Calibration plot
The calibration plot was constructed under optimum condi-
tions. The anodic peak current increased with increasing Zn2+
ion concentration in the concentration range 20–380 μg L−1.
The proposed CeO2-modified electrode interface could be
used as a sensitive tool for Zn2+ ion determination. The linear
equation is I/μA= (0.0770 ± 0.0018) + (4.1 ± 0.4) (μM), with
the correlation coefficient of 0.9883 and with the limit of
Table 3 Comparison of the
proposed method with other
reported protocols
Electrode type Stripping
technique
Linear
range
(μg L−1)
Detection
limit
(μg L−1)
Sensitivity
(nA/μg L−1)
Reference
Boron-doped diamond DPASV 50–100 10 9.48 47
Mercury-coated GCE DPASV 50–1000 50 46.50 47
Polymer-coated bismuth film SWASV 4–50 6 – 48
Bismuth-modified carbon
nanotube
SWASV 2–100 12 12 24
Poly(3,4-ethylenedioxythiophene)
modified
SWASV 3–200 2 – 49
Nafion metal catalyst free CNT
modified gold
SWASV 33–458 3.5 – 50
Gold disc SWASV 25–250 5.0 36.1 51
Polyeriochrome black T modified SWASV 1–400 0.9 6.98 29
CeO2 nanoparticles modified DPASV 20–380 0.36 77.0 Present
work
Table 2 Determination of Zn2+ in
real sample matrices Sample Zn
2+ concentration (μg L−1) Recovery of spiked
samples (%)
Relative standard
deviation (%)
Originally present spiked Total
Battery industrial effluent 140.0 40.0 182.0 101.11 ± 3.5
Metal industrial sewage 132.0 152.0 280.0 98.59 ± 4.1
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detection (3σ) was found to be 0.36 μg L−1. The overlaid
stripping voltammograms in the increasing order of zinc ionic
concentration have been shown in Fig. 5a and its correspond-
ing calibration plot in Fig. 5b. The results obtained by the
proposed method are compared with the results reported by
other groups, which are tabulated in Table 3.
Interference study
The sensitivity of the proposed electrochemical sensor in
terms of current response has been investigated by adding
various interfering ions into the electrochemical cell contain-
ing 200 μg L−1 of Zn2+ ions. The observed results reveal that
the cations such as Na+, K+, Mg2+, NH4
+, Pb2+, Cd2+, Cr6+,
and Cu2+ and anions NO3
−, SO4
2−, CO3
2−, and ClO4
− have
influenced on the stripping response of Zn2+ at CeO2-modi-
fied GCE by decrease of anodic peak current by 5% (Table 1).
Therefore, the proposed electrochemical interface could be
used in the real sample analysis.
Stability and repeatability
A good stability of the modified electrode is a necessary con-
dition for the reliability of the sensors. Hence, the stability of
the modified electrode described in this work by measuring
the DPASVresponses of zinc ions for about 30 days (shown in
ESI Fig. 6). During this period, the peak response for the
anodic current showed a good stability, with a relative stan-
dard deviation of ± 3.4% for three measurements. In addition
to this, repeatability of the measurements is an important as-
pect within electrolysis for the proposed electrode interface.
To check the repeatability of the results, three different and
similar electrodes were prepared and used in the stripping
measurements of a solution containing 300 μg L−1 of zinc
ions (shown in ESI Fig. 7). All the three electrodes exhibited
similar peak currents in presence of zinc ions.
Application study
The reliability of the proposed electrochemical sensor has
been validated by applying it to real sample matrices analysis
such as metal-battery industry discharge effluent and recovery
studies of spiked samples.
Zinc-containing samples were collected in polyethelene
containers from themetal-battery industrial sewage containing
locations. Ten-milliliter aliquots of filtered effluent samples
were used in the analysis. The pH of the samples was adjusted
to 6, and the zinc content was measured by the recommended
procedure given in the experimental section. Known aliquots
of standard zinc solutions were spiked and its percentage re-
covery was studied (Tables 2 and 3).
Conclusions
A simple solution combustion synthesis was successfully ap-
plied in the preparation of electro-catalytically active CeO2
nanoparticles having crystallite size of less than 10–12 nm.
The nanoparticles have been used as modifier molecules in the
fabrication of a novel electrochemical sensor and it was suc-
cessfully applied to measure trace level Zn2+ ions from real
industrial sample matrices. The proposed electrochemical sen-
sor showed a very low detection limit of 0.36 μg L−1 with a
wide linear working range of 20–380 μg L−1.
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